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Changes in the electrical resistance of oriented graphitic
carbon ﬁlms induced by atomic hydrogen
Ali Moaﬁ, James G. Partridge,* Abu Z. Sadek and Dougal G. McCulloch
The electrical resistance of oriented graphitic carbon ﬁlms supporting catalytic Pt pads decreases upon
exposure to hydrogen gas with a magnitude dependent on the crystallographic order in the ﬁlm. This
resistance change is attributed to defects responding to atomic hydrogen spilled over from the catalytic Pt.
Introduction
Due to the worldwide eﬀort to move towards renewable energy
sources, hydrogen storage and hydrogen detection have both
become important enabling technologies. Carbon based mate-
rials have shown great promise in these elds, prompting
numerous experimental and theoretical studies.1,2 However, the
mechanisms involved in hydrogen attachment to carbon
materials and the eﬀects of hydrogen attachment on the
structural/electrical properties of the carbon materials are not
yet fully understood.
Conductometric gas sensors have a conductance that
changes upon exposure to a target gas. These sensors are
frequently used in alarm applications due to their reliability,
inherent simplicity, ease of integration with electronic circuits
and low cost. Carbon nano-materials including functionalized
carbon nanotubes (CNTs)3,4 and graphene,5 have been
employed as the sensing elements within conductometric gas
sensors with good sensitivity,6–8 low power consumption7 and
response at room temperature.8 However, they tend to recover
slowly aer hydrogen exposure.4,9 Additionally, CNT produc-
tion/assembly methods can lack compatibility with large-scale
device processing due to high temperatures and/or time
consuming manipulation/positioning.10 By comparison, carbon
thin lms can be deposited using low-cost, scalable physical
vapour deposition methods, enabling greater exibility in
device fabrication. Importantly, the chemical, electrical and
nano-structural properties of carbon thin lms can be altered by
controlling the growth conditions.11,12 Despite this, few reports
exist that describe the electrical response of carbon thin lms
during their exposure to hydrogen.13
In the majority of carbon based conductometric hydrogen
sensors, catalytic metals such as Pt or Pd are employed to
dissociate H2 into atomic hydrogen. Exposure to hydrogen
alters the structural and electrical properties of the catalytic
metal, providing a measurable response.14 In a process
commonly referred to as “hydrogen spillover”, excess atomic
hydrogen diﬀuses out of the catalytic metal into surrounding
carbon material, altering its electrical properties.15,16 The phys-
ical process(es) involved following hydrogen spillover into
carbon materials are still debated.15 Several authors have
attributed sensing responses (in which the resistance of carbon
lms increases upon exposure to hydrogen) to bonding changes
in the carbon. In particular, hydrogenation of dangling carbon
bonds and/or sp2 to sp3 transitions have been suggested as they
are likely to result in altered electrical conductance. However,
some reports have cast doubt on the spillover mechanism,17
stating that hydrogen absorption into carbon materials is
energetically unfavorable and therefore unlikely to account for
signicant changes in the resistance of conductometric carbon
hydrogen sensors.
In this paper, we deposit conducting carbon lms energeti-
cally from a plasma and investigate their response to hydrogen
gas. The deposition conditions were selected to produce
oriented graphitic lms.11 The eﬀect of nanostructure has been
explored by comparing sensors based on lms with diﬀerent
degrees of crystalline order. Measurements have also been
performed using diﬀerent sensor designs to help understand
the mechanism behind electrical conductivity changes occur-
ring during hydrogen exposure.
Experimental
The carbon lms were prepared using a dual bend ltered
cathodic arc18 deposition system operating with a 99.9% pure
graphite target, an arc current of 56 A and a base pressure less
than 105 Torr. Insulating quartz substrates were ultrasonically
cleaned in acetone and ethanol before being dried and moun-
ted on a substrate heater/holder within the deposition chamber.
A regulated DC power supply was connected to a stainless steel
mesh placed 12 mm in front of the quartz substrate. A bias
voltage of 1000 V was applied to the mesh, enabling the
average deposition energy to be increased.19 Films were
prepared using this mesh bias at temperatures of 100 C and
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600 C. A tetrahedral amorphous carbon (ta-C) layer required for
electrical insulation was also deposited using the ltered
cathodic arc, with substrate bias/temperature 75 V/30 C.11
The nanostructure of the lms was initially analyzed using
Raman spectroscopy. A Renishaw In Via system operating with
an excitation wavelength of 514 nm and a grating of 2400 lines
per mm was used to collect spectra. Imaging of the lms was
performed using a JEOL 2010 transmission electron microscope
(TEM) operating at 200 kV. Electron energy loss spectroscopy
(EELS) analysis was performed using a Gatan Imaging Filter
(GIF2000). An EELS spectrum was collected in the low loss
region in order to determine the plasmon peak position, used to
calculate the lm density (assuming carbon has four valence
electrons with an eﬀective mass of 0.88me taking part in plas-
mon oscillations).20 EELS spectra were also collected in the
region of the carbon K-shell ionization edge enabling an esti-
mate of the fraction of sp2 bonded carbon atoms in each lm.21
The sensor designs used are shown schematically in Fig. 1.
Au electrical contact pads were thermally evaporated onto the
carbon lms whilst the Pt catalytic metal pads were sputtered.
The contacts at the ends of the lm were approximately 2 
2 mm2 and the central catalytic pads were approximately 2 
4 mm2. The insulating ta-C layer incorporated into the ‘type C’
design measured approximately 20 nm in thickness and 3 
5mm2 in area. A stencil was used to dene the dimensions of all
contacts during their deposition.
The sensing measurements were performed using a multi-
channel gas test chamber. Computer interfaced mass ow
controllers were used to expose the sensors to concentrations of
hydrogen gas from 0.125% to 1%. Au wires were bonded onto
the contacts using conductive silver-paint. This silver paint was
tested independently to verify that it exhibited no electrical
response during exposure to hydrogen gas. Four-probe and two-
probe electrical measurements were performed using a
computer interfaced multimeter and source-meter. The total
gas ow rate was maintained at 200 sccm and the reference gas
was synthetic air (certied zero humidity).
Results and discussion
Fig. 2 shows the Raman intensity in the 1000 to 1800 cm1
region from the lms deposited using mesh bias at both low
and high temperature. Also shown for comparison is the Raman
spectrum for glassy carbon heat treated to 3000 C. Glassy
carbon has amicrostructure consisting of cross-linked graphite-
like ribbons 3–4 nm in width.22 The Raman spectrum in this
spectral region is mainly sensitive to in-plane vibrational modes
of the sp2 bonded component.23 The major features are the so
called graphite or ‘G’ peak at 1580 cm1, corresponding to the
zone center E2g Raman active mode of graphite,24 and the
disorder or ‘D’ peak at 1355 cm1, corresponding to a feature in
the vibrational density of states of layered sp2 structures.24 The
Raman spectrum for the lm prepared at low temperature
shows both the D and G peaks, indicating that the micro-
structure of the lm is largely graphitic. However, both peaks
are broader than those observed in glassy carbon, indicating
that the graphitic layers have higher defect densities. Both the D
and G peak become sharper in the lm prepared at higher
Fig. 1 Cross-sectional (left) and plan view (right) representations of the (a) ‘type
A’, (b) ‘type B’ and (c) ‘type C’ conductometric hydrogen gas sensors incorpo-
rating oriented carbon ﬁlms. Note that the type B sensor was fabricated with and
without a central catalytic Pt pad and the Pt pad in the type C sensor is electrically
isolated from the oriented carbon beneath using a tetrahedral amorphous carbon
layer.
Fig. 2 The Raman spectrum of the carbon ﬁlms prepared on quartz at
temperatures of (A) 100 C and (B) 600 C. Included is (C) the Raman spectrum
from a bulk sample of glassy carbon heat treated to 3000 C showing the char-
acteristic D and G peaks produced by disordered graphitic materials.
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temperatures indicating a higher degree of in-plane graphitic
order. Note that the Raman spectra from all samples is unlike
that of typical amorphous carbon lms which consist of a broad
asymmetric line shape centered at about 1570 cm1.25
Fig. 3 shows plan view TEM images of lms deposited using
mesh bias at both low and high temperature. Diﬀraction
patterns (insets in each image) show rings that have been
indexed to graphite and provide evidence of preferred orienta-
tion. The lm deposited at low temperature (Fig. 3(a)) is disor-
dered but includes small graphitic regions, consisting of a small
number of parallel graphitic {002} planes. The application of
both high bias and high temperature (600 C) results in a more
ordered graphitic microstructure with the graphitic regions
extending throughout the plan view TEM image shown in
Fig. 3(b). This graphitic nanostructure has been observed
previously in carbon lms deposited onto conducting
substrates with bias applied directly.12
Fig. 4 shows the carbon K edges from both oriented carbon
lms and glassy carbon. The spectra reect the unoccupied
density of states in the material with a sharp peak at approxi-
mately 285 eV corresponding to transitions of carbon 1s elec-
trons to unoccupied p states (labeled 1s to p*) and a broader
feature centered at 300 eV, resulting mainly from 1s to s*
transitions. In the glassy carbon (labeled C in Fig. 4), the 1s to
p* peak is sharp and the 1s to s* feature has ne structure at
approximately 292 eV. Both of these features are consistent with
the presence of well-ordered graphitic layers. The spectra from
the carbon lm grown at low temperature (labeled A in Fig. 4)
shows a less intense 1s to p* peak and a broad 1s to s* feature.
This is consistent with an increase in disorder present in this
lm compared with glassy carbon. The spectra from the lm
prepared at high temperatures (labeled B in Fig. 4) is similar to
that obtained from glassy carbon indicating that their micro-
structures are similar. However, the slightly broader features
indicate a higher degree of disorder. The sp2 bonding fractions
calculated using the 1s to p* features were 0.6  0.1 and 0.8 
0.1 in the low and high temperature lms, respectively. The
corresponding lm densities were estimated to be 2.3  0.1 and
2.1  0.1 g cm3 from the position of their EELS plasmon peaks
(not shown), consistent with previous density measurements
from oriented carbon lms.12
The normalized changes in resistance measured from type A
sensors are shown in Fig. 5. The response of the sensor formed
on the carbon lm deposited at low-temperatures to various
concentrations of hydrogen gas in air at 120 C is shown in
Fig. 5(a). The resistance decreased by approximately 10% during
exposure to 1% hydrogen in air. The response and recovery
times at this exposure level were 1.5 min and 1.7 min, respec-
tively. These times compare very favorably with those reported
Fig. 3 TEM images of oriented carbon ﬁlms prepared at (a) low and (b) high
temperatures. The inset in each image is an electron diﬀraction pattern indexed
to graphite.
Fig. 4 Carbon K edges from oriented carbon ﬁlms grown at (A) low temperature
(B) high temperature and (C) a bulk glassy carbon sample.
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for sensors based on other carbon materials including carbon
nanotubes.9 Fig. 5(b) shows the corresponding results for the
lm prepared at higher temperature. Themaximum normalized
resistance decrease during exposure to 1% hydrogen in air was
less than 1%. This suggests that the increased graphitic order in
the lm results in a weaker interaction with hydrogen.
The response to hydrogen of both sensors was alsomeasured
at room temperature. A very weak and slow response to 1%
hydrogen gas in air was observed only from the low temperature
deposited lm and is shown (thick solid line) in Fig. 5(a). This
temperature dependent response strongly suggests that cata-
lytic action is required to produce a sensing response.
The type B sensors, consisting of non-catalytic Au contact
pads with and without a central non-contacted catalytic Pt pad,
were employed to assess the role of the catalyst in the overall
response of the sensors. Gas sensing measurements were rst
performed on type B sensors with no Pt catalytic pad and no
responses were observed. This conrmed that the sensing
response demonstrated in the type A sensors relied upon the
presence of the catalytic Pt. Previous investigations have also
shown that conductometric hydrogen sensors fabricated using
carbon based materials require the presence of a catalytic metal
to produce measurable responses.4 Importantly, this indicates
that atomic hydrogen caused the decrease in the resistance of
the type A sensor.
Fig. 6 shows the responses of type B sensors formed on the
low-temperature deposited carbon lm including a central Pt
pad. This measurement was made in two-probe conguration
using a single contact at each end of the sensor. This result is
almost identical to that obtained from the type A sensor
(Fig. 5(a)) made from the same lm, once again conrming that
a response occurs only when atomic hydrogen is created by the
catalytic Pt.
As stated in the introduction, the response in a conducto-
metric hydrogen sensor can be due to changes in bulk carrier
concentration and/or changes in the electrical characteristics of
the contact interfaces. For example, in metal–oxide thin lm
sensors, diﬀerences in work functions frequently occur at the
contact/lm interfaces, resulting in potential barriers with
widths that are modulated during hydrogen exposure.26 Room
temperature and 120 C two-probe current–voltage measure-
ments taken from the Au contacts in these sensors showed
Ohmic behavior and indicated that in air or during hydrogen
exposure no signicant potential barriers existed. Previous
electrical measurements performed on oriented carbon lms
deposited onto p-type silicon and using metallic contacts also
exhibited Ohmic behavior.11
In order to determine whether the resistance decrease
observed upon hydrogen exposure occurs as a result of changes
in the electrical characteristics of the contact interfaces in the
type B sensors, four-probe measurements were also performed.
These were conducted at 120 C and room temperature in air
and during hydrogen exposure by measuring the potential
diﬀerence between two contacts whilst driving a current
through another two contacts (see Fig. 1(b)). The response
measured in this way was identical to that measured using the
two-probe conguration, showing that the measured responses
were primarily due to changes in the electrical resistivity of the
carbon lms. The possibility that the observed responses to
hydrogen occurred due to either volumetric changes in the Pt
pads or changes in the resistance of the Pt were discounted
using the ‘type C’ conductometric sensor (shown in Fig. 1(c))
Fig. 5 The normalized change in resistance during the exposure to the indicated
concentrations of hydrogen in synthetic air in type A sensors at 120 Cmade from
(a) low and (b) high temperature carbon ﬁlms. Also shown in (a) is the response of
this sensor at room temperature (thick solid line) to 1% hydrogen magniﬁed by a
factor of 10.
Fig. 6 The normalized change in resistance upon exposure to the indicated
concentrations of hydrogen in synthetic air measured from the type B sensor at
120 C with a central Pt pad and made using the low temperature carbon ﬁlms.
Note that this measurement was made in two-probe conﬁguration using a single
contact at each end of the sensor.
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featuring an electrically isolated catalytic Pt pad. The electrical
resistance of this sensor decreased by approximately 6% during
exposure to 1% hydrogen gas in air at 120 C, conrming that
the response did not occur due to structural/electrical changes
in the Pt pad. Electrical isolation of the Pt pad was conrmed by
probes and current–voltage measurements in air and during
hydrogen exposure.
Our results can be explained by the hydrogen spillover
eﬀect15 in which atomic hydrogen is generated in a catalyst and
subsequently diﬀuses to the supporting material. Experimental
studies have shown that atomic hydrogen diﬀusing in carbon
materials can form C–H bonds at moderate temperatures.27,28
The Raman measurements (Fig. 2) showed that both oriented
carbon lms contain a signicant number of defects. Since the
lm containing the higher number of defects exhibited a larger
response to hydrogen, we believe that atomic hydrogen either
bonds to these defect sites or alters them, leading to changes in
their electrical characteristics. The rapid recovery of the sensors
in air shows that these changes are reversible and that any
hydrogen bonding is weak.
Disordered graphitic materials, with similar nano-structure
to the lms described here, demonstrate resistance that
decreases with temperature and are therefore frequently
described as semiconductors.22,29 This semiconducting
behavior originates by virtue of stable defects that raise barriers
against charge carrier transport.22 Bulk disordered graphitic
carbons can exhibit n- or p-type electrical characteristics
depending on their degree of crystallographic order, controlled
by the growth/annealing temperature.22,29 Defects having donor
or acceptor like character are removed and created at diﬀerent
growth/annealing temperatures, explaining the complex
behavior of the Hall coeﬃcient.22 Since the resistance of all the
carbon lms tested decreased upon exposure to hydrogen, an
increase in the carrier concentration or an increase in the
mobility must occur due to the hydrogen bonding. Hot probe
electrical measurements30 performed on both carbon lms
revealed that the dominant carriers were holes and the lms
were therefore p-type. We believe that spilt-over atomic
hydrogen, diﬀusing in the oriented carbon lms, is likely to
formmetastable bonds to defect sites, leading to the creation of
more acceptor states and/or an increase in carrier mobility. This
results in the observed reduction in resistance during hydrogen
exposure. These bonds are weak and once the supply of
hydrogen is removed, the number of hydrogen atoms bonded to
defect sites within the carbon structure reduces rapidly result-
ing in an increase in resistance back to its original level.
Conclusions
The electrical resistance of oriented carbon lms has been
measured in air and during exposure to hydrogen gas in air. The
resistance decreased only when catalytic Pt pads were attached
to the carbon lms. Four-probe electrical measurements
conrmed that the resistance of the carbon lm decreased in
the presence of hydrogen and contact eﬀects were negligible.
The sensitivity of the sensor to hydrogen was found to depend
on the degree of crystallographic order within the lm,
indicating that defects were critical to the response mechanism.
The mechanism for gas sensing was attributed to hydrogen
spillover from the catalytic Pt pad into the underlying carbon
lm. The hydrogen diﬀuses through the carbon structure
forming weak bonds to defect sites which leads to changes in
the electrical resistance of the oriented carbon material.
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